A surface acoustic wave (SAW) motor has already shown its superior potential. However, its efficiency from the electrical input to the mechanical output is still low. To improve its efficiency, an energy circulation driving method has been proposed and demonstrated. It has been found that the Rayleigh wave beneath the slider was scattered, so that the phase of the wave shifted; the phase shift decreased the efficiency of the motor. Thus, we need to know the characteristics of the phase shift to design a SAW motor with a high efficiency. From several experimental results, it has been found that the phase shift is related to the projection parameters of the slider and the preload conditions. The relationship between the slider projection contact, the friction phenomenon, and the phase shift was investigated by numerical simulation using the finite element method. Twodimensional finite element method analysis in a time domain was carried out to simulate the wave propagation from driving points through a preloaded silicon slider. Contact and friction simulation was applied to the boundary condition between the stator and the slider projections.
Introduction
In the last decade, the development of novel actuators has been rapid for the innovation of science and industry. In particular, many kinds of piezoactuators and motors have been developed for special applications, [1] [2] [3] [4] [5] after two decades from the first successful development of ultrasonic motors.
Commercialized ultrasonic motors are fabricated by conventional machining processes. As an alternative to the traditional process, micromachining that is compatible with semiconductor fabrication is a candidate method for device machining similarly to machining using micro electro mechanical systems (MEMS) transducers. Extremely highperformance surface acoustic wave (SAW) linear motors operating at 10 MHz or higher have already been demonstrated using MEMS compatible fabrication processes. For example, a maximum output force of 12 N, a no-load speed of 1.5 m/s, and a step motion of 0.5 nm were obtained in past research studies. 6, 7) SAW motors have the highest potential in terms of performance such as speed, output force, and preciseness in MEMS actuators. However, their efficiency from the electrical input to the mechanical output is still low. To improve their efficiency, an energy circulation driving method has been proposed and demonstrated. 8) For the energy circulation drive, forward scattering beneath a silicon slider was found to be a problem, due to the shift in the phase relation. 9) To investigate the predominant physical reason why the phase shift happens, simple numerical simulations were carried out prior to this study. 10) One simulation was a static prestress caused by a slider preload. Phase shift was not observed from the numerical simulation; the static prestress was not the main reason. The other simulation was a combination of a slider with a stator. For simplicity of the simulation, the slider was connected to the stator to avoid takeoff and slippage. In this case, however, the phase shift was much higher than that of the experimental result.
10) The phase shift was almost 3-fold higher than that of the experiments. In addition, there was no dependence on preload pressure, which was observed in the experiments.
As a result, it was found that the phase disturbance is caused by the contact and takeoff of the slider projections to the stator. This simulation includes the takeoff of the slider from the stator surface and the slippage between the stator and the slider. This kind of nonlinear and time-dependent simulation is time and central processing unit (CPU) power consuming, and the reliability is sometimes not so high. In this study, numerical simulations were carried out to investigate the relationship between the phase shift and the preload or projections of the slider using the finite element method (FEM).
Principle
A schematic view of a SAW motor is illustrated in Fig. 1 . RF electric power is transduced to an elastic wave at the interdigital transducer (IDT) to generate a traveling Rayleigh wave. The stator is a substrate of 127.8 rotated Y-cut Xpropagation LiNbO 3 . A moving part, namely, a slider that is made of silicon, is placed on the stator under the preloaded condition normal to the stator surface. The preload is important to obtain thrust as a linear motor. For the mechanical output force, many projections are fabricated on the contact surface by dry etching, as shown in Fig. 2 .
Owing to practical device size and a small vibration amplitude of high-frequency vibration, the operation frequency range is limited from several MHz up to 100 MHz. For example, at 10 MHz, the wavelength is about 400 mm in the case of the 127. the required substrate thickness and IDT aperture are 1 and 10 mm, respectively. A much lower frequency than 10 MHz is therefore difficult to achieve, because of the bulky material. From the viewpoint of vibration velocity at 10 MHz, the vibration amplitude becomes only 16 nm for a vibration velocity of 1 m/s that is sufficient for the operation of an ultrasonic motor. Hence, the operation frequency range is limited to approximately several MHz to tens of MHz. The projections on the slider surface are distributed, as shown in Fig. 2 . The projection diameter d was in the range from several mm to several tens of mm to achieve a good friction drive condition at 10 MHz; the intervals L of the projections were ten to several tens of mm. These dimensions are near the wavelength of 400 mm. In addition, the small vibration amplitude of the Rayleigh wave is suitable for wave scattering by the slider projections. Wave scattering is not a problem for normal ultrasonic motors at an operation frequency of several tens of kHz. However, in the case of a SAW motor, wave scattering causes some problems for its operation.
Energy Circulation and Wave Scattering
SAW motors utilize a traveling Rayleigh wave energy. For the SAW motor, as shown in Fig. 1 , the driving electrical power is transduced to the wave energy by a single IDT. Only a small portion of the wave energy is used to drive a slider and the rest of the energy is dissipated into absorbers at both ends of the stator to prevent a standing wave.
As an alternative method, an energy circulation driving method is proposed as an efficient method using a closed loop of the power flow.
8) The structure of the motor using the energy circulation driving method is shown in Fig. 3 . In this method, two driving IDTs and two unidirectional IDTs are required. The unidirectional IDTs are connected electrically for energy circulation. Two driving IDTs are placed at an interval of ð1=4 þ n=2Þ between the two unidirectional IDTs; and n are the wave length and integer, respectively. The traveling SAW is excited by a sine signal and a cosine signal applied to the driving IDTs. The excited traveling wave is received by one unidirectional IDT, then converted into electrical energy. The converted electrical energy is returned to the other end of the stator. By using this electrical energy, another unidirectional IDT excites a circulated traveling wave. The circulated wave is propagated, and is again received by the initial unidirectional IDT. The circulated wave and the initially excited wave are superposed.
It is very important that these two waves, namely, the circulating and driving waves, are in-phase for the efficient excitation of the propagating Rayleigh wave. If the circulating wave amplitude decreases from a unit to during one circulation due to some losses, the ratio of the flowing power Pb to the driving power Pa decreases, as shown in Fig. 4 , as a function of the amplitude decaying factor of with the phase difference . For example, in the cases of ¼ 0:9 and ¼ 0, the gain factor of power Pb/Pa becomes 8. However, a phase shift of 45 causes a significant decrease in the gain factor down to 2; a quarter of the in-phase condition.
On the other hand, the Rayleigh wave beneath the slider is scattered when the slider is preloaded. As a result, the phase of the wave through the slider shifts from the initial value; a condition without the slider. This phase shift affects the superposition of the circulated and initially excited waves. Namely, the power of the Rayleigh wave decreases compared with that of the complete accord phase condition wave. As a result, this phase shift decreases the efficiency of the motor.
From the experimental results, the phase shifts were measured under various conditions by changing the preload or slider projection geometry.
9) It was found that a high preload causes a large phase shift. The phase shifts were up to approximately 180 under a high-preload condition. However, under a lower preload condition, negative phase shift was also observed. The relationships between the phase shift and the preload were not constant for all the sliders. The parameters of the slider projections largely affect the phase rotation.
For improving the efficiency of the circulation driving method, a slider that causes no phase shift is desired. Hence, it is necessary to investigate the relationship between the phase shift and the preload or parameters of the slider projections for designing such sliders.
Simulation
Since the parameters of the slider projections are easily designed, it was considered that simulation was the best Reflector Stator E 2 = E 0 cos ω t E 1 = E 0 sin ω t Unidirectional IDT Rayleigh wave method of investigating the characteristics of the phase shift instead of conducting experiments. By using simulation, the effects of various phenomena on the phase shift can be separately evaluated. FEM was used for these simulations. Software used was ANSYS 9.0 with Linux Cent OS 4.2. The simulation type was a two-dimensional (2-D) strain structural-piezoelectric analysis with a time domain. Owing to the limited computational resource, we could not carry out three-dimensional simulation. For the normal contact and friction analysis, the augmented Lagrange formulation 11) was used.
Stator model
For the simulation, we have to make a pure Rayleigh wave propagate in the simulation environment. Thus, we designed an finite element stator model and the method of wave excitation to prevent the generation of reflection and spurious mode waves. The FEM stator and slider model are shown in Fig. 5 . The stator material was 127. 8 Yrotated X-propagation LiNbO 3 .
12) The thickness of the stator was 1 mm, which was the same as that of the experimental substrate.
To prevent spurious wave excitations, three driving points were set on the upper left of the stator model. The distance of each driving point was half of the 400 mm wavelength. To prevent the generation of a reflection wave, the left side of the model had a symmetrical boundary condition. Because of the symmetrical boundary condition, the Rayleigh wave was actually generated by five point sources to both directions of the model including the mirror-modeling part. By using these five point sources distributed in 200 mm periodic alternation, the wave with a 400 mm wavelength at a driving frequency of 9.945 MHz is selectively excited; the basic physics is the same as the excitation of the Rayleigh wave by IDT. 13) Damping elements were attached on the bottom and right end regions of the stator to prevent the generation of a reflection wave. The dimensions of the damping element areas were 1:8 Â 7:6 mm 2 on the bottom and 1:0 Â 1:9 mm 2 on the right end. The damping elements had the same elastic coefficients as lithium niobate except for the attenuation factor. The bottom damping elements were three layers whose attenuation factors were 4 Â 10 À9 , 6 Â 10 À9 , and 8 Â 10
À9 . The right end damping elements were six layers whose attenuation factors were 4 Â 10 À9 , 6 Â 10 À9 , 9 Â 10 À9 , 15 Â 10 À9 , 30 Â 10 À9 , and 50 Â 10 À9 . Four-node 2-D plane quadrangular elements were used in the whole model. The mesh size of the stator surface was 5 mm, which was 1/80 of the 400 mm wavelength. A vertical sinusoidal pressure at 9.945 MHz was applied to the driving points. The amplitude of the sinusoidal pressure was chosen from 25, 125, and 250 MPa. The integral time span was 3 ns, which was about 1/30 of one cycle of the wave. The simulation was carried out for about 1.7 ms, which was the 17 cycles of the wave motion.
Under this condition, we could obtain a traveling Rayleigh wave. The phase velocity of the Rayleigh wave of this simulation was 4145 m/s, unless without a slider. The error to a theoretical velocity of 3978 m/s was about 5%. In this study, to reduce the computational cost that is strictly limited, 2-D meshing was used so that the preciseness of the absolute value of the phase velocity might not be a primary problem. Simplified modeling was required to investigate the effect of the friction drive on the propagating velocity of the Rayleigh wave using a desktop computer.
The wave amplitudes were about 2.7, 13.5, and 27.2 nm when the amplitudes of the sinusoidal pressure were 25, 125, and 250 MPa. For a 13.5 nm amplitude, the tangential vibration velocity at the stator surface becomes 0.75 m/s; the frequency is 9.945 MHz, and the vibration amplitude ratio of the tangential component to the normal component is 0.894. The vibration velocity of 0.75 m/s was almost the same as that of the motor operation in the experiments. A very low amplitude condition of 2.7 nm and a high vibration level of 27.2 nm were added for the simulation to investigate the dependence on the amplitude. It took almost 40 min to run the 15,000-element model on a 3 GHz Xeon processor Linux machine with 8 GB of random access memory (RAM) under the stator surface free condition.
Slider model
The slider was made of silicon. 14) The dimension of the slider model was 0:6 Â 4 mm 2 , which was the same as that of the experimental model except for the 2-D simulation. Many projections whose height was 1 mm were mounted on the slider surface. Four-node 2-D plane quadrangular elements were used. The mesh size of the projection surface was 5 mm, which was the same size as that of the stator surface. Contact elements 15) were attached on the projection surface to carry out contact and friction numerical analysis between the stator and the slider. These contact elements are used together with the target elements to solve the problem of two material contacts on the surfaces. The target elements were attached on the stator surface. By using the contact and target elements that were particularly prepared for the contact analysis, the projections could slip and takeoff from the stator. The specification of the contact elements depends on the solver of the FEM, which will be mentioned in §4.3. If the stator and projection surfaces came in contact with each other, frictional force was generated. The frictional coefficient was 0.18, which was obtained from the experimental SAW motor using a frictional tester. 9) For the simulation, the upper surface of the slider was fixed in the x-direction and pressed in the y-direction from 0.625 to 6.25 MPa, which were chosen from past experimental results; 0.625 to 6.25 MPa mean 10 to 100 N of the preload for the 4 Â 4 mm 2 slider. The integral time span was 3 ns; about 1/30 of the vibration period. It took 8 to 10 h to run the 24,000-element whole model for 17 cycles of vibration with the slider.
Contact stiffness
For the nonlinear FEM simulation including contact and friction between elastic materials, and transient time, stable numerical calculation is an actual problem for obtaining some results. The reliability of the numerical result is important; however, progress in the computation simulation of a physical model has priority. The boundary between the stator surface and the slider projections has virtual stiffness for the simulation for the augmented Lagrange formulation, 11) that is, a method of solving friction contact. The virtual contact stiffness is given as a specification of the contact elements mentioned in the previous paragraph in the numerical simulation. Owing to the existence of contact stiffness, the contact element sticks to the target element, then generates contact force. For the augmented Lagrange formulation, the sticking value is limited; for this simulation, the sticking value was limited to 10% of the element thickness below the target element. According to the values of the contact stiffness and sticking permission, the simulation cannot be terminated numerically. This is because the solver cannot reach a numerical solution with limited calculation steps. In such a case, the condition should be modified; for example, the contact stiffness should have a smaller value.
Contact stiffness was examined by changing its value from 0.00001 to 1. The simulation was carried out for the compliant values from 0.00001 to 0.001 for the contact stiffness, as shown in Fig. 6 . For the stiffness values more than 0.001, namely, from 0.01 to 1, the simulation was not terminated numerically due to the unstable condition. It is clear that the contact stiffness seems to be too compliant. However, this simulation has complexity in the system in which the contacting regions are distributed in each projection top surface; there are 400 or more projections on the slider for the simulation. Hence, it was determined that the contact stiffness should be 0.001.
The phase shift by the slider was estimated from the wave phase difference between two observation points. One observation point was 0.84 mm from the left end of the stator, as shown in Fig. 5 ; this point was just below the left end of the slider. The other observation point was 5.04 mm from the left end of the stator; it means that this point was 0.2 mm from the right end of the slider. A reference phase difference between these two points was obtained under the nonslider condition, so that the phase difference became null if there was no disturbance from the slider. For example, if the phase velocity was slightly increased by the slider, the phase shift was slightly positive.
Before simulations under the various physical conditions, a series of numerical results were compared with the experimental results. They are indicated in Fig. 7 . The projections measured 50 mm in diameter with 100 mm interval; the sinusoidal pressure was 125 MPa. The phase shift successfully increased with an increase in the contact pressure of the slider. However, the values of the phase shift in simulation were different from the experimental results. In the experiment, under a low preload pressure, the phase shift was negative. On the contrary, the phase shifts were always positive in the simulation. In addition, the increase in the phase shift in the experiment was abrupt compared with the increase in the preload pressure. It seemed that the simulation results were less sensitive than the experiment results because of the soft contact stiffness in the simulation. However, the important point is that we could obtain phase shift values that depended on the preload pressure of the slider. Owing to complexness of the simulation model, namely, there were so many points of 400 projections on the slider as contact points, the contact stiffness decreased for the convergence of the numerical result. It seems that the simulation is not suitable for quantitative analysis but is only suitable for qualitative analysis to determine the rough outlines of the phase shift phenomena under different physical conditions including preload, slider geometry, and other parameters. 
Results of Simulations

Phase shift against preload and wave amplitude
By using the slider with projection diameter of 50 mm and a pitch of 100 mm (50 -100 slider), simulation was carried out. The phase shift against the pressure, as shown in Fig. 8 , was obtained by changing three vibration amplitudes in the normal direction. A large pressure caused a large phase shift. The relationship between the phase shift and the pressure changed depending on the wave amplitude. These results corresponded to the experimental results.
Phase shift against pitch of slider projection
To investigate how the projection parameters affect the phase shift, simulation was carried out using several type of sliders. The pressure of the upper surface of the slider was fixed to 1.875 MPa; this means 30 N for an actual 4 Â 4 slider. The amplitude of the excited wave was fixed to 13.5 nm. In several sliders, the calculations did not converged because of the complexity of the model shape. A damping block whose thickness was 0.1 mm was attached to the upper side of the slider to make the calculations converge easily.
As a result, phase shift decreased from 110 to 50 using a 50 -100 slider with 1.875 MPa slider pressure.
The phase shift against the pitch of the slider projection is shown in Fig. 9 . The diameter was fixed to 10 mm. A small pitch caused a large phase shift. That is, a large contact area caused a large phase shift. The phase shift against the diameter of slider projection is shown in Fig. 10 . The pitch was fixed to 100 mm. A large diameter caused a large phase shift. That is, a large contact area caused a large phase shift. Other results are shown in Fig. 11 . In this case, the ratio of the diameter to the pitch was fixed to 1 : 2. A smaller pitch caused a slightly larger phase shift. However, the values of the phase shift were almost equal. From these results, it was found that phase shift depends on contact area.
Phase shift against friction coefficient
To investigate the effect of friction, simulation was carried out using the friction coefficients of 0, 0.18, and 2. The slider with a projection diameter of 50 mm and a pitch of 100 mm (50 -100 slider) was used in the simulation. The amplitude of the excited wave was fixed to 27.2 nm.
The phase shift against pressure is shown in Fig. 12 . The phase shift was not 0 when the friction coefficient was 0, which did not generate friction force. The phase shift showed about the same values at a pressure of 0.675 MPa. However, a large coefficient caused a large phase shift when the pressure was more than 1.875 MPa.
Conclusions
To investigate the relationship between phase shift and slider parameters, nonlinear FEM simulation was carried out using several sliders and friction coefficients. As for the results, it was found that a large contact area caused a large phase shift and that projection pitch affected phase shift slightly. Friction force markedly affected phase shift. However, friction force was not the only factor that caused phase shift. For quantitative simulation, analytical modeling has advantages in terms of accuracy and computational resource. This analytical modeling is being studied for the SAW motor in terms of measurement, 16) contact mechanics analyses, 17) and modeling. 18) The numerical simulation by FEM described here will give some pieces of information, which can be evaluated in a future work. 
